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Evaluating the Effects of Acute Diesel Exhaust Particle Exposure on P-glycoprotein  

 

Function and Expression in the Blood-Brain Barrier  
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Director: Dr. Erica Bruce, Ph.D. 

 

 

 Diesel exhaust particles (DEP) are a major component of air pollution and a 

source of concern because once inhaled, DEP may reach the brain, contributing to 

neurodegenerative disorders. One of the blood-brain barrier’s (BBB) main functions is to 

limit the entry/action of pathogens and xenobiotics like DEP. Specifically, P-glycoprotein 

(P-gp), a multidrug transporter found in endothelial cells of the BBB, is responsible for 

the efflux of small molecule drugs and harmful chemicals from the CNS. The goal of this 

study was to evaluate the effects of acute (24 hr.) DEP exposure on the function and 

expression of P-gp in the BBB, and in the BBB with microglia in vitro. We used RT-

qPCR to measure P-gp expression, immunocytochemistry and fluorescent imaging to 

qualitatively analyze the presence of P-gp, and a Rhodamine-123 Accumulation Assay to 

measure the activity of P-gp in the endothelial cells. This work is significant because it is 

the first to evaluate the effect of DEP on P-gp of the BBB. The disruption of P-gp and the 

resulting dysfunction of the BBB may be implicated in air-pollution-related 

neurodegenerative disorders. 
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CHAPTER ONE 

 

Introduction 

 

 

 Urban areas and areas lacking regulation of industrial air pollutants have higher 

concentrations of particulate matter (PM) in the air than areas with regulated air pollution 

or a lack of concentrated diesel exhaust. A high concentration of particulate matter in the 

air has been linked to increased mortality and morbidity world-wide (Adar et al., 2014). 

Particulate matter (Figure 1) is a complex combination of many aerosolized chemicals. A 

major component of urban air particulate matter is diesel exhaust particles (DEP), a 

combination of a carbon core and heavy hydrocarbons, ash, metallic abrasion particles, 

sulfates, silicates, and polycyclic aromatic hydrocarbons (PAHs).  

 

Figure 1: Schematic representation of diesel particulate matter (PM) formed during combustion of atomized fuel 

droplets. The resulting carbon cores agglomerate and adsorb species from the gas phase (taken from Twigg et al., 2009) 
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DEP are derived from the use of diesel fuels and lubricating oils (Wurzel, 2005). 

The United States Environmental Protection Agency (EPA) states that the size of the 

particulate matter found in the air is directly linked to their potential to cause harm in the 

human body (“What is Particulate Matter”, 2022). The most concerning are the particles 

that are 10 micrometers or less in diameter as these sizes would be inhalable and could 

pass through the throat and nose to enter the lungs or circulatory system. These are called 

“inhalable course particles” if their size ranges from 10 µm to 2.5 µm, “fine particles” if 

their size is less than 2.5 µm, or “ultra-fine particles’ if their diameter is 0.1 µm or less 

(Kwon et al., 2020). Fine particles are of interest because they can remain suspended in 

the air for a longer time than larger particles and they are able to reach peripheral airways 

(Kwon et al., 2020). Ultra-fine particles are of significant concern because they cannot 

only reach peripheral airways, but they are also capable of entering the systemic 

circulation (Kwon et al., 2020). The size of DEP can range due to the fact that DEP are 

typically an agglomeration of multiple, primary particles that are about 15-40 nm in 

diameter (Burtscher, 2005). A study in 2005 found that aggregated DEP can be formed 

typically at a range of 60 nm to 400 nm, thus demonstrating DEP as having the 

possibility to present as both fine and ultra-fine particles (Burtscher, 2005).  

Thus, although DEP exposure is very common, it is an environmental toxicant 

that can have significant negative health effects (Hartz et al., 2008). Acute exposure to 

DEP has shown to be an eye and nasal irritant, as well as cause changes in lung function 

and respiration, induce headaches, fatigue, and nausea (Sydbom et al., 2001). Chronic 

exposure to DEP is associated with an increased cough, sputum production, and lung 

dysfunction (Sydbom et al., 2001). The International Agency for Research on Cancer 
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(IARC), a sub-organization of the World Health Organization (WHO), classified Diesel 

engine exhaust as carcinogenic to humans in so much as that DEP exposure has a positive 

correlation to lung cancer (“Diesel Exhaust and Cancer Risk”, 2015). Of particular 

interest to this study are the effects of diesel exhaust particles (DEP) on human cells of 

the blood-brain barrier (BBB). DEP is known to cause oxidative stress and induce an 

inflammatory response in the brain (Cheng et al., 2016). The PAHs associated with diesel 

exhaust has been shown to induce the production of reactive oxygenation species (ROS) 

as well as decrease the activity of antioxidant enzymes in vascular endothelial cells (Wei 

et al., 2011). These components of DEP have also been shown to increase carcinogenesis 

(Pehnec & Jakovljević, 2018), cognitive decline (Best et al., 2016), and 

neuroinflammation in a mouse model (Hanghani et al., 2020). There has been increased 

interest in the involvement of DEP exposure in the development of central nervous 

system diseases, especially neurodegenerative diseases (Nel, 2005). Specifically, chronic 

exposures of the BBB to environmental chemicals like DEP has been implicated in the 

progression of diseases including vascular dementia, stroke, hypoxia, multiple sclerosis, 

Alzheimer’s disease (AD), Parkinson’s disease (PD), diabetes mellitus, and ischemia 

(Michalicova, 2020). Additionally, studies have found that BBB damage affects the 

accumulation of malformed proteins such as tau and amyloid-β, and that DEP exposure 

that correlates to BBB dysfunction is an extremely common pathophysiological identifier 

of Alzheimer’s Disease (Michalicova, 2020). 
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DEP currently have two known routes of impacting the human BBB and central 

nervous system (CNS), a direct pathway and a peripheral (indirect) pathway (Steiner et 

al., 2016).  

 

The direct pathway is characterized by the inhalation or absorption of soluble 

DEP compounds through the olfactory bulb, directly into the CNS. It was discovered in 

rat models that more than 50% of ultra-fine particles can be deposited into the 

nasopharyngeal region upon inhalation (Oberdörster et al., 2008). Approximately 20% of 

the ultra-fine particles deposited onto the olfactory mucosa are capable of being 

translocated through the olfactory nerves to the olfactory bulb through diffusion, thus 

providing a possible mechanism for DEP to enter the brain while circumventing the 

blood-brain barrier (Oberdörster et al., 2008). Upon entrance, DEP can induce damage to 

the brain and spinal cord through the body’s inflammatory response to xenobiotics such 

as DEP (Hartz et al., 2008). Thus, the DEP that has entered through the direct pathway 

Figure 2: DEP Routes of Entrance. Created by Kaitlin Nunn through BioRender 
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may also induce BBB dysfunction, microglial activation, oxidative stress, defective 

protein accumulation, astrogliosis, and even DNA damage (Cheng et al., 2016; Hartz et 

al., 2008; Oberdörster et al., 2008).  

The peripheral (indirect) pathway is characterized by the absorption of DEP via 

an accessory organ such as the lungs. Once fine and ultra-fine DEP reach the alveoli, 

alveolar type II cells phagocytize the material and this can cause a time-dependent and 

dose-dependent stimulation of cytokines (Boland et al., 1999; Juvin et al., 2002). The 

cytokines produced by the alveolar type II cells can induce a pro-inflammatory response 

in the cardiovascular cells of the circulatory system as the cytokines are spread 

throughout the body which can eventually reach the BBB, inducing pro-inflammatory 

effects like damaging cellular junctions, proteins, membranes, lipids, and DNA (Nel, 

2008). However, the BBB can be altered in different ways depending on the cytokines 

introduced, since some cytokines easily transverse the BBB, some must be engulfed via 

clathrin-independent lipid rafts to be brought across the BBB, while others are engulfed 

via clathrin-coated pits but are then degraded within the cell, and lastly some cytokines 

are not even allowed entrance into the endothelial cells (Pan et al., 2011). The effects of 

cytokines on P-gp expression and activity in rat brain capillaries has been measured in 

both a time- and dose-dependent fashion (Pan et al., 2011). The introduction of the 

cytokine TNF-α shows a biphasic effect, showing that lower doses decreased the 

expression and activity of P-gp, but longer exposure times (6 hours) showed an increase 

in the expression and activity of P-gp, which is most likely due to a difference in 

signaling pathway activation (Pan et al., 2011). It was also found that longer exposure 

times to TNF-α (72 hours) in human endothelial cells increased P-gp expression but 



 

6 

showed no change in transport activity (Pan et al., 2011).  It was found that the 

introduction of cytokines which induce a continuous peripheral inflammation could be a 

major contributor to damage of the CNS, possibly connected to neurodegenerative 

disorders (Brook et al., 2004; Salter and Stevens, 2017; Süβ, Lana, & Schlachetzki, 

2021). However, there is no evidence that a single DEP exposure pathway is solely 

responsible for the development of CNS diseases, and it can be assumed that many 

pathways contribute to increased BBB and CNS dysfunction (Nel, 2008).  

The BBB has been a major area of research because it is a selectively permeable 

membrane that tightly regulates the influx and efflux of substances between the vascular 

system and the CNS. This is a protective mechanism which effectively keeps toxins and 

harmful substances from the brain, however, it is also a hinderance in the realm of 

chemoresistance, often removing many pharmaceutical agents before they can reach their 

intended targets, the spinal cord or brain (Abu-Qare, 2003). The BBB functions within 

the wider context of the neurovascular unit (NVU), a dynamic system that works to 

maintain homeostasis and blood flow to the brain. The NVU is comprised of specialized 

cerebrovascular endothelial cells (ECs) which form the walls of blood vasculature in the 

CNS and are different from common peripheral tissue in that they often have fewer 

endocytic vesicles to limit the amount of transcellular flux (Rubin and Staddon, 1999). 

These specialized endothelial cells are coupled with tight junctions which severely limit 

paracellular fluctuation and forces molecules and other materials to enter the endothelial 

cell if the material wishes to enter the brain or spinal cord (Rubin and Staddon, 1999).  

However, the endothelial cells alone do not constitute the entirety of the NVU. 

Perivascular pericytes maintain BBB function. Astrocyte end-feet surround the 
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endothelial cells and contribute to the maintenance of the BBB and vessels dilation/ 

constriction through chemical signaling (Kubotera et al., 2019).  Neurons regulate the 

permeability of the BBB, and microglia, the most abundant CNS innate immune cell, 

closely associate with the BBB and CNS to protect from harmful agents (Alliot et al., 

1999). 

This study involved specialized transporter proteins on the cerebrovascular 

endothelial cells of the BBB. Of the many ATP-binding cassette (ABC) transporter 

proteins found in the BBB, one of the most prevalent and important is P-gp, a 

transmembrane protein capable of expelling a wide variety of xenobiotics, ions, 

metabolites, and possible therapeutics as they attempt to pass through the endothelial 

cells of the BBB (Miller et al., 2008). P-gp is abundantly produced on the luminal side of 

the cerebrovascular endothelial cells and plays a role in both neuroprotection and 

pharmacoresistance. Its ability to efflux molecules back into the lumen of the vascular 

system and limit the entry of foreign molecules to the brain is a protective function; 

however, it also contributes to the difficulty of drug delivery to the brain due to a limited 

Figure 3: Schematic representation of the blood-brain barrier (BBB) and components 

of a neurovascular unit (NVU) (Taken from Abbott et al., 2006). 
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ability for medications to pass the BBB, which leads to pharmacoresistance (Qosa et al. 

2015). P-gp has been considered the primary obstacle in the success of 

chemotherapeutics for brain tumors and contributes to the variability in patient responses 

to CNS medications (Löscher and Potschka, 2005). 

P-gp, also known as ABCB-1 transporter protein, is an ABC transporter of the 

multidrug resistance (MDR) pump superfamily (Feltrin & Simões, 2019). It hydrolyzes 

ATP in order to efflux molecules from the interior of an endothelial cell to the exterior 

(Feltrin & Simões, 2019). For this to occur, the materials to be exported first are found 

inside the cell, with ultrafine particles this can occur via diffusion into the cell as well as 

vesiculation of toxic materials inside the cells. The cells then use efflux pump proteins to 

excrete this substance back into the lumen of the circulatory system. P-gp is a 170 kD 

protein comprised of two amino acid chains, each of which has six transmembrane 

domains and one nucleotide-binding domain, this allows for an extremely flexible protein 

that can alter its configuration for the efflux mechanism (Mollazadeh et al., 2018). Once a 

substrate enters a different binding domain, ATP bound at the nucleotide-binding domain 

will be hydrolyzed, this induces a conformational change in the transmembrane domains 

and catalyzes the efflux of the substrate through the transmembrane domain and lipid 

bilayer (Mollazadeh et al., 2018). ATP hydrolysis is also required for the proteins to 

return to their original conformation (Mollazadeh et al., 2018). The substrates transported 

by P-gp are variable; P-gp is known to transport cytotoxic drugs, xenobiotics, peptide 

antibiotics, steroid based hormones, immunosuppressive agents, calcium channel 

blockers and other molecules of varying size and function (Ueda et al., 1997). The only 

found commonality between a majority of P-gp substrates are aromatic rings, a basic 
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nitrogen in the substrate structure, hydrogen bond acceptors, and hydrophobic groups, all 

of which seem to play a role in binding affinity (Feltrin & Simões, 2019). However, these 

are not found in all molecules that modulate P-gp (Feltrin & Simões, 2019).  

When exposed to DEP, studies have found that P-gp transcription and protein 

synthesis become upregulated within rat endothelial cells (Hartz et al., 2008).  However, 

DEP exposure in an in vitro study was associated with decreased tight-junction protein 

expression and reduced the viability of the specialized cerebrovascular endothelial cells 

in rats (Wang, 2017). Moreover, the study found changes in the functionality and activity 

of P-gp, as well as the decreased expression of tight-junction proteins in rat cerebral 

capillaries after treatment with particulate matter due to circulating cytokines and reactive 

oxygen species (ROS) (Hartz et al., 2008). The introduction of DEP to the body causes an 

inflammatory reaction to occur wherein microglial cells excrete pro-inflammatory 

cytokines and ROS which increase oxidative stress in the BBB (Carson, 2002; Choi et al., 

2016; Kreutzberg, 1996). This finding suggests that cerebrovascular endothelial cells 

could have an initial reaction to DEP that is different from long-term exposure (Choi et 

al., 2016). A study to determine P-gp’s role in the BBB in Alzheimer’s Disease (AD) 

found that when P-gp in the cerebrovascular endothelial cells is compromised, the cell is 

unable to properly export aberrant proteins (such as mutant Tau and amyloid-𝛽) and thus 

provides some evidence that decreased P-gp function could be involved in the 

pathogenesis of AD (Wang et al., 2016).  It has been found that an absence of P-gp, as in 

P-gp knock out mice, lead to an increase in the accumulation of amyloid-beta and caused 

an increased disturbance in the removal of amyloid-beta from the brain (Brucknamm et 

al., 2017). It has been shown in in vitro models of endothelial cells that P-gp can 
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transport amyloid-beta and that its dysfunction decreases amyloid-beta transport (Kuhnke 

et al., 2007; Lam et al., 2001).  

Microglia are the innate immune cells of the CNS and play a critical role in the 

homeostasis of the brain environment by sensing invading microorganisms, searching for 

tissue damage, and clearing debris and foreign agents (Carson, 2002). Upon 

immunological stimulation, such as that following DEP exposure or an acute brain injury, 

microglial cells become activated (Kreutzberg, 1996). Due to the sensitivity of microglia, 

even small changes in their microenvironment can induce activation in response to injury 

or infection (Kreutzberg, 1996). Upon uptake of cytotoxic materials or cell-death 

indicators from outside the cells, microglial cells become “activated”, the activation is 

characterized by morphological changes of the microglial cells and secretion of soluble 

factors meant to induce change in surrounding cells (Lui & Hong, 2003). The majority of 

these secreted factors are considered proinflammatory and neurotoxic, including the 

cytokines tumor necrosing factor-α (TNF-α) and interleukin-1 (IL-1), as well as free 

radicals (nitric oxide and superoxide), and fatty acid metabolites (Lui & Hong, 2003). 

Studies have shown that in both in vitro and in vivo animal models excessive amounts of 

any individual proinflammatory factor excreted by the microglial cells can induce 

neurodegeneration (Boje and Arora, 1992; Chao et al., 1992; McGuire et al., 2001). 

However, the combination of factors has also been implicated in the degeneration of 

neuronal cells (Chao et al., 1995; Jeohn et al., 1998). Once activated, they release large 

amounts of tumor necrosing factor, TNF-α, which induces a pro-inflammatory response 

in the CNS that can cause damage to neuronal cells (Welser-Alves and Milner, 2013). 

The induction of TNF-α production by microglial cells has been shown to increase 
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paracellular permeability in the BBB endothelial cells, thus contributing to its 

dysfunction (da Fonseca et al., 2014). However, the effects of microglial activation on the 

expression of P-gp in the endothelial cells of the BBB are not well understood.  

This study analyzed the effect of DEP on P-gp activity in human endothelial cells 

alone (i.e. monoculture), and in endothelial cells with microglial cells (i.e. co-culture). It 

is important to note that the co-culture of endothelial and microglial cells was not meant 

to simulate the NVU but rather it was formed as a 2D model to evaluate the effects of 

microglial cell interaction with endothelial cells in a non-directional model, analyzing P-

gp expression and function. We hypothesized that, after acute exposure to DEP, the 

corresponding activity and expression of P-gp would increase in the endothelial cell 

monoculture in order to expel the DEP present within the media. We further hypothesized 

that DEP exposure to both endothelial and microglial cells in a co-culture, the activity of 

P-gp would increase, but to a lesser extent than in the monocultured cells due to cell layer 

dysfunction induced by proinflammatory cytokines. 
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CHAPTER TWO 

 

Specific Aims and Objectives 

 

 The overall aim of this thesis was to evaluate the effect of acute diesel exhaust 

particle (DEP) exposure on P-gp found in endothelial cells of the BBB (i.e., monoculture 

of D3 endothelial cells) and in conjunction with hMC3 microglial cells (i.e. co-culture). 

This study evaluated the influence of microglia on the function and expression of P-gp in 

a 2D model of endothelial cells as a co-culture (microglial and endothelial cells 

combined) to determine if the microglial cells when acutely exposed to DEP influences 

the productivity of P-gp in the model.  

Objective I 

The first objective of this thesis was to evaluate the effect of acute (24-hour) DEP 

exposure on P-gp activity in human immortalized endothelial cells (D3).  

The main question we addressed was: 

 

1. How does acute exposure to DEP affect the expression and activity of the P-gp 

found in human immortalized endothelial cells alone? 

Hypotheses: 

1. Acute DEP exposure will cause an increase in expression and function of P-gp 

due to P-gp’s role as an efflux pump in endothelial cells of the BBB. 
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Plan of Action: 

In order to test these hypotheses, this study used different methods of analysis 

including a commercially available Rhodamine-123 Accumulation Activity assay that 

uses a fluorescent dye, Rhodamine-123 (Rho-123), to determine the activity of p-

glycoprotein in the endothelial cells. We ran this assay to demonstrate the export of Rho-

123 due to P-gp activity, increased activity would lead to a decreased concentration of 

Rho-123 inside the cell. If my hypothesis is correct, we expect to see a significant 

decrease of Rho-123 under exposure to the high concentration DEP, as the DEP should 

increase the activity of the P-gp in the endothelial cells, since P-gp is trying to expel the 

foreign substance.  

Immunocytochemistry (ICC) is a technique used to demonstrate the presence of 

certain characteristics of cells by marking said characteristics with fluorescent antibodies. 

We used this method of research to characterize our endothelial cell line through the 

presence of ZO-1 and CD105, a BBB endothelial tight-junction protein and a human 

endothelial protein marker respectively.  
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We used a P-gp monoclonal antibody to demonstrate the presence or change in 

production of P-gp in control versus DEP-exposed cells.  

Figure 4: Proper Fluorescence of ICC Antibody for ZO-1, Taken from 

Abcam 

Figure 5: Proper Fluorescence of ICC Antibody for 

CD105(Green), Taken from Abcam 
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DEP exposure could affect the formation and or the progression of 

neurodegenerative diseases, such as Alzheimer's, which is characterized by the 

dysfunction of P-gp in the endothelial cell of the BBB. If we were to demonstrate that 

DEP causes a significant increase in P-gp production, it could be noted that DEP 

exposure can possibly contribute to the formation of neurodegenerative diseases or 

cancers.  

Utilizing quantitative reverse transcription PCR (RT-qPCR) we extract RNA that 

is first transcribed into complementary DNA (cDNA) by reverse transcriptase from total 

RNA or messenger RNA (mRNA) (“Basic Principles”). With this, we are able to see if 

there is an increased expression of P-gp mRNA and thus extrapolate that there would be 

an increased expression of P-gp’s efflux pumps on the cell’s surface. In this way, we are 

able to analyze both a control sample that is not exposed to DEP as well as a DEP treated 

group, testing the hypothesis that there is an increased expression of P-gp when acutely 

exposed to DEP.  

 

 

Figure 6: Proper Fluorescence of P-gp ICC, Taken from Abcam 
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Significance: 

The significance of this experiment is that an analysis of the effects of acute 

exposure of DEP on P-gp of BBB human endothelial cells has not been previously 

investigated. The connection of P-gp activity to neurodegenerative diseases has been 

researched extensively. However, the inclusion of the specific analysis of the effects of 

DEP on the P-gp of endothelial cells of the BBB is yet to be studied and are the goals of 

this study to accomplish. 

Objective II 

The second objective of this paper is to analyze the effect of acute DEP-exposed 

human BBB endothelial cells and an acute DEP-exposed co-culture of human BBB 

endothelial cells and microglial cells to determine the effect of microglial activation on 

the P-gp activity in human BBB endothelial cells. This objective intends to explore the 

novel area of DEP exposure to an endothelial and microglial co-culture, specifically 

focusing on the P-gp activity associated with the activation of microglia and its effects on 

BBB function or dysfunction.  

The main questions we address are: 

1. How does acute DEP exposure in the human BBB endothelial cell and 

microglial cell co-culture effect P-gp expression and function?  

2. How does acute DEP exposure to a human BBB co-culture change P-gp 

expression and function in comparison to a monoculture? 
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Hypotheses: 

 

1. DEP exposure in the co-culture will cause an increase in P-gp expression but a 

decrease in P-gp function since the microglial cells secrete cytokines which could cause 

disruption the endothelial cells and could potentially limit P-gp pump efflux. 

2. Acute exposure to DEP will induce a similar response in both the monoculture 

and co-culture. 

Plan of Action: 

 First, we developed a co-culture consisting of the human immortalized endothelial 

cells (hCMEC/D3) in combination with human immortalized microglial cells (HMC3). 

This co-culture will then undergo analysis through the previously described P-gp assay, 

immunocytochemistry, and RT-qPCR methods of analysis.  

We will continue to test the co-culture with the P-gp assay in order to determine if 

the presence of microglial cells in co-culture influence the P-gp activity of the endothelial 

cells. The co-culture will be assessed using the ICC methods mentioned in Objective I in 

order to qualitatively observe and analyze the presence of the marked structure, 

transporter proteins P-gp, in the both a control co-culture and a DEP-exposed co-culture. 

Significance:  

 The significance of this study would be the novelty of examining the results of 

acute DEP exposure to a co-culture of human endothelial cells and human microglial 

cells. Specifically, analyzing the effects of DEP exposure on the activity of P-gp in the 

co-culture to understand the effects of microglial activation as a contributor to the 

dysfunction of the BBB when exposed to DEP. This can play a major role in the effect of 
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DEP on neurodegenerative disorder pathogenesis, since there are still gaps in the 

literature regarding the exact route of microglial effect on BBB endothelial cell 

dysfunction. 
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CHAPTER THREE 

 

Methods and Materials 

 

 

Cell Culture 

 

The Blood-Brain Barrier hCMEC/D3 Cell Line (immortalized human endothelial 

cell line) was purchased from Sigma-Aldrich (product number: SCC066) (See Appendix 

A for complete care instructions). This cell line was chosen due to the literature, 

confirming its use in over 100 studies since 2005, as well as noting that the cells stain 

positively for multiple endothelial cell markers (CD34, CD31, CD40, CD105, CD144 

(VE-cadherin), von Willebrand factor) except CD36, which is an endothelial cell marker 

not found in brain endothelium (Weksler et al., 2013). This cell line was also chosen due 

to its observance as an accurate model of the BBB (Weskler et al., 2013). 

 

Figure 7: Human Immortalized Endothelial Cell Culture (D3), Light Microscopy 

(5x), Bruce Lab 
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The cells were cultured in an EndoGRO complete media from EMD Millipore 

(Product number: SCME004) The cells, which are stored in a vial kept in liquid nitrogen, 

were thawed using the recommended Millipore protocol for thawing of the hCMEC/D3 

cell line. The cells were then maintained in a T-75 flask placed in a 37°C, 5% CO2 

humidified incubator. The cells were monitored daily for confluency and imaged to view 

overall growth and search for possible contamination. Once the cells reached 80% to 

100% confluency then the cells were split into a new passage (Appendix A). During any 

splitting procedure the cell’s density and viability was measured using the Countess II. 

The cells, now considered subcultures, were either frozen back for storage using 10% 

DMSO and slow-freeze (1 degree per min) containers, or they were added to new flasks/ 

plates to form the next passage. 

The immortalized human microglial cells, HMC3s, were purchased from ATCC 

(Product #: CRL-3304) and were maintained in an HMC3 media (See full care 

instructions in Appendix A). The cells received were either stored in liquid nitrogen or 

were placed in a T-75 flask for their cell line continuation in accordance with the 

company’s recommended procedure. The flasks are kept in a 37°C, 5% CO2 humidified 

incubator and are imaged daily. Once the cells reach a maximum of 3 million cells, they 

will need to be sub-cultured. The new cultures should be in accordance with guidelines, 

ensuring a concentration between 1*10^4 and 4*10^4 viable cells/cm2, but not exceeding 

7*10^4 cells/cm^2. Cells may also be frozen back using the same method as the D3 cells 

listed above. The co-culture consisting of both endothelial and microglial cells is 

intended to represent a 2Dimentional model of the interaction between the endothelial 
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cells and microglial cells inorder to measure toxicity, P-gp activity, and P-gp genetic 

expression, not transport of DEP across a theoretical blood-brain barrier.  

 

The DEP suspension was produced as a 2 mg/ml (2000 ug/ml) stock solution as 

prepared in Block et al.’s publication (Block et al., 2004). Briefly, 0.02 g of SRM2975 

(NIST standard DEP) was added to 10 mL of PBS or water (or dosing media, no FBS) 

with 1% Dimethyl sulfoxide (DMSO) to allow for incorporation of the DEP into the 

media. This suspension was vortexed for 1 minute, then sonicated for 45 minutes 

utilizing an ultrasonicator, before it was warmed for 15 minutes in the 37℃-water bath. 

Before this media was used, it was sequentially filtered using various filter sizes down to 

0.45 µm filter, to obtain fine DEP which contains ultra-fine DEP. This decision was made 

due to the standard NIST DEP size being 2.5 µm, and filtration beyond this size produced 

very small concentrations of DEP within the media. This media containing fine and ultra-

Figure 8: D3 cells with Human Immortalized Microglial cells (hMC3s), Light 

microscopy (5x), Bruce Lab 
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fine particles is then ready for use and can be used immediately or kept in the 4℃ for up 

to 2 weeks. Here is shown a Transmission Electron Microscope (TEM) Image of the DEP 

in solution used throughout the study, this is at 25,000x magnification. 

 

MTT 

The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay is 

a colorimetric assay indicating cellular metabolic activity and cell viability. It is based on  

Figure 9: DEP Particles, Transmission Electron Microscope Image (25,000x), Bruce 

Lab 

Figure 10: MTT Assay Principle, Taken from www.technologyinscience.blogspot.com Video Lecture 
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the action of intracellular NAD(P)H-dependent cellular oxidoreductase enzymes which 

reduces the MTT tetrazolium dye to an insoluble formazan product that is bright purple. 

The purple color is measured using a spectrophotometer at 595 nm, with 650 nm as a 

reference wavelength, and the absorbance is proportional to the number of viable cells. 

We plotted absorbance against concentration to determine the IC50 and IC10 of DEP, 

using both D3 (endothelial cells) and the HMC3 (microglial cells). The absorbance in 

each well was then measured at the 595-650 nm wavelength. (See full Procedure in 

Appendix B). 

Immunocytochemistry 

Immunocytochemistry is the process of attaching fluorescent antibodies to 

cellular components or proteins in order to view changes in a cell's morphology. This can 

be an especially useful tool in the lab to ensure cultured cells that have not transformed 

and indicate qualitatively if cell morphology has changed due to exposure to compounds 

or reagents. Before the process of immunocytochemistry began, the cells were grown on 

glass slides. Glass slides are preferred for this process due to the ease of imaging through 

the glass as compared to plastic since plastic can cloud images that need to be crisp and 

clear. These glass slides however are not optimal for cell growth without the use of 

coatings to allow cells to attach and form a cellular matrix (See Appendix C for full 

procedure). 

The cells were then maintained in the 37°C, 5% CO2 humidified incubator. 

Briefly, 24 hours after cells were seeded on glass slides, we exposed the cells to DEP 

(2000 ug/ml) or control media for 24 hours, and then fixed the cells using 4% 

paraformaldehyde. When conducting ICC with the D3 and HMC3 co-culture we coated 
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the slides in accordance with D3 requirements and added the D3s, allowed them to attach 

overnight, and then added the HMC3 cells (1:1) and allowed them to attach for another 

24 hours. Once the co-culture developed, we exposed the cells to DEP or control media 

for 24 hours before fixation. We followed ATCC’s standard protocol for ICC fixation and 

completed the process by using a fluorescence microscope to image the fluorescent cells 

(See Appendix C).  

P-gp was measured since it is the main focus of this study and is a known efflux 

transporter protein that is hypothesized to increase in both efflux action and protein 

production when exposed to DEP. The fluorescent imaging of P-gp will qualitatively 

distinguish between P-gp expression in control versus DEP exposed cells as well as 

establish the presence of P-gp on the endothelial cells. 

In order to solidify the cell line we used as our model (D3), we also conducted 

ICC for both CD105 as well as ZO-1 which are indicators of endothelial cells. Endoglin, 

CD105, is a known glycoprotein found predominantly in vascular cell lineages, 

especially proliferating endothelial cells (Fonsatt1 et al., 2003). ZO-1 is a known protein 

component of human and rat endothelial cell tight junctions within the blood-brain barrier 

(Kubotera et al., 2019; Reinhold& Rittner, 2017; Tornavaca et al., 2015). It is indicated 

within the brain vasculature at the interendothelial junction between BBB specific 

endothelial cells (Watson et al. 1991). 

The optimal standard for imaging ICC slides is with a confocal microscope, 

however, the resource was limited to the researcher of the thesis and instead a 

fluorescence microscope was used for imaging purposes.    
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Rhodamine- 123 Accumulation Assay 

 The Rhodamine-123 Accumulation assay is a functional assay which is used for 

determining the activity of P-gp in a cell based on the accumulation of Rhodamine-123 

within the cell. Rhodamine-123 is a light-sensitive fluorescent compound and therefore 

requires that this assay be completed in darkness. This assay was used for experiments 

regarding both a monoculture of endothelial cells and a co-culture of endothelial and 

microglial cells. The endothelial cells were seeded at 10,000 cells per cm2 in dark, clear-

bottom 96-well plates (Thermo Scientific #: 165305) and maintained in a 37°C, 5% CO2 

humidified incubator. The next day, the cells were dosed with either control media or 

DEP suspension (2000 ug/mL in 1% DMSO). A 1% DMSO solvent control and a 

positive control for P-gp inhibition, Tariquidar (100 uM) (Fisher Scientific#: 

NC0783015), were included in each plate as well (See complete procedures in Appendix 

D). The solutions in the wells were removed and the cells were rinsed to remove any 

excess Rho-123. The cells were then lysed by the addition of a 1:1 solution of 

DMSO:Ethanol, and fluorescence was measured using a spectrophotometer at 505/534 

nm. In the case of the co-culture, endothelial cells are incubated for 24 hours, then the 

microglial cells are added, and both were allowed to incubate in a 37°C, 5% CO2 

humidified incubator for 24 hours before dosing. The remainder of the assay procedure is 

the same.  

Inhibitor Optimization 

 

 Of particular interest with this specific accumulation assay was the continuous 

struggle we had with finding a negative or positive control that would work optimally and 

continuously over multiple trials. The initial Rhodamine-123 accumulation assay kit 
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provided recommended the use of Verapamil which is a known P-gp protein inhibitor 

(Fontaine et al., 1996). However, this is a generation one inhibitor and is thus not as 

specific to P-gp as newer compounds. The reason we found this to be unspecific to P-gp 

was its continued absence of significant data with each plate the inhibitor was used for. 

The determinant of whether the inhibitor worked properly or not was in its significant 

difference from the control group for each biological replicate. Within each biological 

replicate, we decided to omit the edges of the plates to account for the edge effect as well 

as randomly seed the plate to account for variability in cell suspension within the media.  

Therefore, we attempted to find other inhibitors from literature and found that 

Zosuquidar, another known P-gp inhibitor, is a third-generation P-gp inhibitor and is thus 

meant to be more specific for P-gp inhibition (Jouan et al, 2016). However, we still 

observed inconsistent results, this was indicated by only some replicates having 

significant different between the control group and the inhibitors that were intended to be 

the negative controls for the assay. 

Thus, after ordering many third-generation P-gp inhibitors (Valspodar, 

Tariquidar, Vinblastine, and Elacridar) we conducted a comparative experiment to see 

which P-gp inhibitor would be most effective since all were stated as effective in 

literature (Jouan et al, 2016; Tai et al., 2009; Wang et al., 2018). Both Tariquidar (Fisher 

#NC0783015) and Elacridar (Selleckchem #S7772) showed significant differences from 

the control cells at 0.1 µM and 10 µM, respectively. Therefore, we decided to use 

Tariquidar at a 0.1 µM concentration as our positive control for the Rho-123 

accumulation assay. Tariquidar is also a known inhibitor of P-gp at three different 

binding sites in the transmembrane domain (Mollazadeh et al., 2018).  
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RNA Extraction, cDNA conversion, and RT-qPCR 

To obtain quantitative data, we decided to conduct RT-qPCR on both the 

monoculture and co-culture when exposed to control media versus DEP dosed media. 

RT-qPCR allows you to evaluate the relative genetic expression of a target gene(s), 

relative to housekeeping (endogenously expressed) control gene(s). In order to obtain the 

genetic material used for RT-qPCR, we first had to extract RNA from the cell, convert 

the RNA to complementary DNA (cDNA), which was then used as our starting template 

for in RT-qPCR assay.  

Briefly, we used the PureLink RNA Mini Kit (ThermoFisher 12183018A) for 

RNA extraction and purification from mammalian cells (See full procedure in Appendix 

E). The purified RNA was then aliquoted as 15 uL samples in three 0.2 mL RNase-Free 

microtubes plus an aliquot of ~5 uL for each sample to be measured for RNA yield and 

quality, using the Nanodrop spectrophotometer. The extracted RNA can be stored at  -

80℃ until future use or it can be converted to cDNA immediately.  

After the acquisition of purified RNA, the RNA was reverse transcribed into 

cDNA using the SuperScript™ IV VILO™ Master Mix with ezDNase™ Enzyme kit 

(Fisher 11766050) and following manufacturer’s protocols. We utilized the reverse 

transcription protocol provided by Fisher for their SuperScript™ IV VILO™ Master Mix 

with ezDNase™ Enzyme kit (See full procedure in Appendix E). The volume of RNA 

needed was calculated using this equation: Vol. of RNA needed = 1000 ng/ estimated 

RNA concentration (Nanodrop measured), this way, all RNA samples will be 

standardized to 1 ug.  
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Next, the reverse transcriptase (RT) reaction mix is prepared (See full procedure 

in Appendix E). The primers are annealed by gently pipetting up and down the solution 

inside the reaction tubes while the tubes are removed from the ice and are incubated at 

room temperature for 10 minutes. After this period, the tubes are transferred to the 50℃-

water bath where the reverse transcriptase will be at the optimal temperature to reverse 

transcribe the RNA. Next, the tubes are placed onto the heat block (at 85℃) for 5 

minutes to inactivate the enzymes. The cDNA conversion is now complete and can either 

be stored undiluted in the -80℃ freezer for the long term (months), in the -20℃ for 

short-term storage (7 days), or it can be used immediately for qPCR amplification. 

For the PCR amplification and RT-qPCR analysis, we utilized the ThermoFisher 

protocol, optimized by Bruce Lab. Before the actual PCR amplification can occur, we 

created an outline for our RT-qPCR Plate, designating the cDNA samples and the genes 

of interest, this can be done on a 96 well plate or a 384 well plate. Next, the cDNA 

samples must be diluted to either a 10x or 20x concentration, preferably 20x (See 

Appendix E for full procedure). Preparation of the PCR reaction matrix without cDNA 

requires the TaqMan™ Fast Advanced Master Mix (ThermoFisher 4444557), the 

TaqMan® Gene Expression Assays for both P-glycoprotein (Hs00184500_m1) and 

succinate dehydrogenase complex flavoprotein subunit A (SDHA) (Hs00188166_m1), a 

housekeeping gene, and finally nuclease-free water. Based on your number of reactions 

wells you can now prepare the TaqMan™ Fast Advanced Master Mix (2x), the 

corresponding TaqMan® Gene Expression Assay (20x), and nuclease-free water for a 

working solution in a 1.5 mL nuclease-free microtube. For each reaction well we will 

need an end volume of 20 uL, the PCR reaction mix without cDNA would require 1 uL 
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of the TaqMan® Gene Expression Assay (20x), 10 uL of the TaqMan™ Fast Advanced 

Master Mix (2x), and 4 uL of the nuclease-free water. The next step is to load the plate 

with the reaction mix, it is important to keep the plate on ice whilst completing this step.  

For each gene of interest, we loaded the PCR reaction mix created earlier without 

the cDNA into each well (14 uL per well) designated for that specific gene of interest 

(following our plate outline). Then the 20x diluted cDNA samples were loaded for each 

technical replicate of that sample (biological sample). For each reaction well, we 

transferred 5 uL (12.5 ng total) into each of the wells designated for that specific 

biological cDNA sample. Once all outlined reaction wells were completed, we sealed the 

plate with its appropriate cover and placed it on ice until it was ready to run on the 

instrument. Finally, utilizing a QuantStudio 6 Real-time PCR system (ThermoFisher 

4485691) the outline of the place was uploaded and the plate assay was run.  

This test was normalized by using SHDH a housekeeping gene that is know to not 

be related to the gene for P-gp; this was determined via a gene comparison matrix.  
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CHAPTER FOUR 

 

Results 

 

 

MTT (Cytotoxicity) 

The MTT assay was first conducted to determine the concentration of DEP that 

would be sub-lethal to the cells at concentration below the extrapolated LC10. The MTT 

assay yielded the results of a single biological replicate, however the biological replicate 

(one plate with the same generation of cells) held 16 technical replicates for each group. 

The groups including a control group (0 µg/ml DEP; HMC3 Media), and then groups 

dosed with increasing DEP concentrations at 5,000, 15,000, and 20,000 µg/ml of DEP. 

This graph is a representation of the absorbance measured from the result of intracellular 

NAD(P)H-dependent cellular oxidoreductase enzymes which reduce the MTT 

tetrazolium dye to an insoluble formazan form producing a bright purple color. This color 

Figure 11: Concentration-Response Curve of DEP in 

hCMEC/D3s (24 hr. exposure) 
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is then measured using an absorbance measuring tool. The lethal concentration 50% 

(LC50) of DEP in D3 cells was extrapolated to be 29,457 ug/mL due to the lack of the 

studies ability to reach the actual LC50 concentration. However, for our subsequent 

experiments, we chose to use a sublethal concentration of 2,000 ug/mL, which is lower 

than the extrapolated LC10, to ensure sublethal cellular responses.  

Immunocytochemistry 

 

The goal of fluorescent imaging is to qualitatively demonstrate the changes in 

cells via fluorescent antibodies that target specific structures in the cell.  
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We needed to establish that our cell line (D3) was an accurate representative of 

the BBB endothelial cells. After staining for CD105 and ZO-1 we received these results 

indicating that our cells do produce both CD105 and ZO-1. 

The above slide images demonstrate that without any antibodies there was no auto 

fluorescence seen; therefore, all fluorescence is from the cells only. We found that both 

Figure 4Figure 12: ICC Slides for ZO-1 and CD105, Fluorescence 

Microscopy, Taken in Bruce Lab 
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ZO-1 and CD105 were present in this line of endothelial cells thus contributing to their 

existence as endothelial cells of the BBB.  

The goal of ICC in our experiment, was to visualize P-gp expression in the 

unexposed (control) and DEP-exposed D3 (BBB) monoculture. The nucleus of the cell is 

shown in blue (DAPI) and the P-gp membrane pump, is in green (AF488). The cells did 

exhibit autoflouresnce, however, it can be noted that these cells do express p-gp since the 

cells in 1% DMSO fluoresce brightly and look similar to the expected fluorescence 

mentioned before for the known P-gp antibody. 
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D3 cells without exposure to DEP demonstrate a light green fluorescence indicative of 

the presence of P-gp at what is considered normal expression. Cells which were acutely 

(24 hours) exposed to DEP showed only light fluorescence similar to a non-exposed cell. 

However, the endothelial cells exposed to the 1% DMSO control group showed increased 

expression of P-gp. This fluorescence is similar to the Abcam example shown earlier of 

cells possessing P-gp.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: ICC Slides for P-gp, Fluorescence Microscopy, Taken in Bruce Lab 
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Rhodamine-123 Accumulation Assay 

 

In this assay, we evaluated the effect of DEP exposure on P-gp activity in the D3 

monoculture alone, and in co-culture. We normalized the data by dividing the average of 

the experimental fluorescence by the control groups fluorescence therefore demonstrating 

an increase or decrease in percentage of fluorescence in comparison to the control group. 

We further compared the monoculture’s response to that of the co-culture after DEP 

exposure, to determine whether the presence of microglia altered P-gp activity under 

DEP exposure. 

Importantly to note, the accumulation of RHO-123 is inversely proportional to the 

activity of P-gp in the cell. Thus, the bars in Figure 14 indicate the amount of 

fluorescence and inversely the activity of P-gp. Under normal conditions, P-gp expels 

Rho-123 from the cell, resulting in limited intracellular RHO-123 accumulation. We 

completed six independent replicates (N = 6) of the accumulation assay for the 

monoculture of endothelial cells and six independent replicas (N= 6) for the co-culture. 

Figure 14: Rhodamine-123 accumulation assay demonstrates Rhodamine-123 accumulation that is 

inversely related to P-glycoprotein activity 
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Within each independent or biological replicant there was a measure of at least 16 

technical replicates per group. To clarify, each plate (biological replicate) had 16 

individual wells (technical replicates) with cells that were designated for each group, 

either control, DEP treated, or Tariquidar treated (Inhibitor). The DEP treated group and 

the group exposed to Tariquidar are not statistically different from the fluorescence 

measured for the control group.  

Statistical Analyses: The data were first averaged across each plate to produce a 

single independent experiment per plate, for a total of 6 independent replicates (N = 6) 

for each treatment in each culture type. Fluorescence values for each cell culture group 

were scaled as fold increase from control. The non-parametric Mann-Whitney-U test was 

then used to test for differences between control and exposed conditions in each cell 

culture group and between the DEP-exposed conditions across cell culture groups.  A 

Šidák correction was used to control for the family-wise error rate, yielding a p-value 

cutoff of 0.143. 

 The data found that there was no significant difference between any of the groups. 

However, trends can be observed, and it was found that cell exposed to DEP produced a 

similar fluorescent level as the cells exposed to Tariuidar, the known P-gp inhibitor. 
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Table 1: P-values of Mann-Whitney U Test for Rho-123 Accumulation Assay 

 

This table further provides us with the understanding that, statistically, there is no 

significant data that arose from the Rho-123 Accumulation Assay.  

RNA Extraction, cDNA conversion, and RT-qPCR 

We extracted RNA and formulated the corresponding cDNA for 4 independent 

replicates of D3 monoculture unexposed (or control), 4 independent replicas of D3 

monoculture acutely exposed to DEP, 3 independent replicas of the co-cultured epithelial 

cells and microglial cells without exposure (Control), and 3 independent replicas of the 

co-culture when acutely exposed to DEP. We then ran RT-qPCR specifically searching 

p-values from Mann-Whitney U 

Test     

 

Monoculture 

Control 

Monoculture 

Exposed 

Co-culture 

Control 

Co-culture 

Exposed 

Monoculture Control 0 0.2403 NA NA 

Monoculture Exposed 0.2403 0 NA 0.9372 

Co-culture Control NA NA 0 0.3939 

Co-culture Exposed NA 0.9372 0.3939 0 

Figure 15: RT-qPCR Relative Gene Expression 
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for the P-gp gene and found that although none of the data was significant there were 

some interesting trends.  

We used the 2–∆∆Ct method utilizing a Welch’s T-test to determine statistically 

significant differences between treatments and/or cell culture groups. Results indicated 

that there was no difference between the DEP-exposed groups and their corresponding 

control, or between the DEP-exposed monoculture and the DEP-exposed co-culture. As 

shown in Figure 15, the monoculture showed a similar P-gp expression after DEP 

exposure compared to the control monoculture. The co-culture, however, showed an 

interesting trend as the P-gp expression decreased after DEP exposure, compared to the 

control co-culture. These trends, however, are not significant, and more tests would need 

to be run to determine if there is any significant difference in the expression of P-gp by 

endothelial cells when exposed to DEP.   
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CHAPTER FIVE 

 

Discussion 

 

Immunocytochemistry 

 

 The results from immunocytochemistry of Z)-1 and CD105 contributes to the 

cell’s structure as an endothelial cell of the BBB. The results of the P-gp fluorescent 

images showed that there was not a significant qualitative increase in P-gp expression in 

D3s after exposure to DEP, even though the cells do express P-gp (as shown by the 

increase in P-gp expression in the 1% DMSO group). This could indicate that DEP is not 

a promotor of P-gp expression in human BBB endothelial cells as previously 

hypothesized. What is interesting is the noticeable lack of increased P-gp expression that 

was mentioned by Hartz and collaborators in rat endothelial cells of the BBB that 

presented with increased expression of P-gp when exposed to DEP. This could indicate 

that the human endothelial cells react differently to DEP than rat endothelial cells.  

In future studies it would be beneficial to examine the effects of DEP on 

endothelial cells at differing times during their exposure due to the fact that in a study of 

rat BBB endothelial and microglial cells there was biphasic effect, altering the expression 

of p-gp based on time and dose (Pan et al., 2011). However, since this study found the 

LC10 that was indicative of a sublethal dose of DEP, it would be more interesting to 

determine if time was a factor in P-gp expression. If it were, it could also contribute to a 

possible difference in acute and chronic DEP exposure. However, as we were limited to 

human cell models for this thesis, only acute exposure (24 hours) could be theorized.  
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 Another area of interest for ICC staining of P-gp would be the use of a confocal 

microscope. The confocal microscope is the ideal imaging modality for ICC-stained 

slides. However, the technology was unavailable to the researcher and could allow future 

researchers to elaborate on the findings of this thesis.  

Rhodamine-123 Accumulation Assay 

 

 Although the results of the Rhodamine-123 Accumulation assay were not 

significant, it still demonstrated an increasing trend with the accumulation of fluorescent 

Rhodamine-123 which is inversely related to P-gp activity, thus indicating a decreasing 

trend in P-gp activity as the cells are exposed to DEP. Interestingly, contrary to our 

hypothesis, P-gp activity showed a decreasing trend in both the  monoculture and co-

culture after DEP exposure; however, the trend was not significantly significant. This 

could possibly suggest that DEP could contribute to the inhibition of molecular efflux. It 

could also be posited that DEP does not affect P-gp but rather a different efflux pump of 

the endothelial cell causing the trend of increased cellular fluorescence during the 

Rhodamine-123 assay. It would be of interest to future studies to determine if DEP 

affects other transportation proteins within endothelial cells of the BBB.  

The findings of Hartz and colluagues demonstrated an increase in P-gp function 

when rat endothelial cells were exposed to DEP (Hartz et al., 2008). This could again 

correlate to a difference between human and rat endothelial cell reactions to DEP, 

however, further research would have to be conducted to determine significance of the 

trends observed in this research.  

The optimization of the Rhodamine-123 assay should also be noted here since the 

data shows no overall significance. However, at each biological replicate, meaning each 
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plate completed, the data was significantly different between the control group and the 

inhibitor Tariquidar, our negative control. The data became unsignificant once statistics 

was used on the compilation of all biological replicates and the standard errors of each 

group expanded.  

RT-qPCR (Relative Gene Expression) 

 

 The RT-qPCR data was somewhat differential in nature as the exact mechanisms 

of microglial and endothelial exchange is not fully understood. The D3 monoculture 

showed no significant difference in P-gp expression after exposure to DEP. This could 

indicate that there is not an increase or decrease in transcription of the P-gp gene when 

exposed to DEP. This could also contribute to a possibility DEP has no effect on the 

modulation of DNA, however, future studies to determine the exact route of DEP activity 

within the cell would need to be studied and that is outside the reach of this thesis paper. 

The slight decreasing trend of P-gp expression seen in the co-culture of endothelial and 

microglial cells could possibly contribute to the idea that DEP causes microglial cell 

activation, which in turn could affect endothelial protein expression and function. 

However, since the data was not significant, no definitive conclusions can be derived 

from the data. In future research it would be interesting to use a MAGPIX assay which 

could demonstrate the definitive presence of microglial proinflammatory cytokines 

known to affect endothelial cells.  

Conclusion 

 

 The significance of this study was in its novelty, as there has not been any 

research conducted, to our knowledge, of the effect of DEP exposure on the p-

glycoproteins of human BBB endothelial cells as a monoculture and in a co-culture, in 
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vitro setting with microglia. Although previous studies found an up-regulation in p-

glycoprotein in rat cells, the same could not be said for human endothelial (D3) cells.  

 The monoculture of human endothelial cells alone demonstrated a decreasing 

trend in P-gp activity via the Rhodamine-123 accumulation assay, where the data showed 

an increased trend of accumulation compared to the control group, indicating a possible 

decrease in P-gp activity. However, since the data was not significant, it is merely a 

postulation and would need to be confirmed by completing more biological replicates of 

the Rhodamine-123 assay, thus potentially decreasing the standard error of the groups, 

providing significance to the model. The possible decrease of P-gp could be attributed to 

DEP rendering the protein inactive even though they are present in the cells. This would 

require future research into DEP’s binding at p-glycoprotein and whether it does in fact 

bind to P-gp or if it is instead binding to another efflux protein found in human 

endothelial cells. The dysfunction of endothelial BBB cells associated with the inhibition 

of efflux proteins is a known tributary to neurodegenerative diseases (). Thus, it would be 

beneficial to research further the trends found in the function of export proteins when 

exposed to DEP. 

We theorize that although there was not a significant increase in P-gp expression 

at 24 hours, the cells could be exhibiting a different reaction at differing times of 

exposure and suggest that future studies seek to determine if DEP causes a time-

dependent reaction associated with the alteration of P-gp expression or function. 

 The co-culture consisting of human endothelial and human microglial cells 

showed a decreasing trend in P-gp activity as well, though to a lesser extent than the 

monoculture, when exposed to the Rhodaime-123 accumulation assay. This finding, 
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combined with the trend of downregulation in P-gp gene expression (shown inthe RT-

qPCR Assay) demonstrates a possible effect of microglial influence on endothelial cells 

that is yet undiscovered or unknown. This could be an interesting point for further 

research and could contribute to our understanding of how the BBB dysfunction can alter 

the pathogenesis of neurogenerative diseases. It would be of interest to future researchers 

to complete a MAGPIX assay to determine what cytokines are being expressed by 

microglial cells when they are exposed to DEP. It would also be important to integrate 

the concept of time-dependent reactions as microglia are known to become activated and 

produce cytokines at differing times after their initial exposure to foreign molecules 

(Kreutzberg, 1996; Lui & Hong, 2003; Pan et al., 2011). 

 This thesis hypothesized that after acute exposure to DEP, there would be 

increased expression and function of P-gp in endothelial cells as a monoculture. This was 

not supported by the researched completed in this thesis. The ICC staining for P-gp in the 

endothelial cells demonstrated that there was not an increase in P-gp expression 

qualitatively and the RT-qPCR demonstrated that there was not a significant difference in 

P-gp expression in the monolayer exposed to DEP than in the control group. It was also 

found that there was no significant difference in P-gp function when exposed to DEP, 

however, there was a trend that indicated P-gp could play some role in inhibiting efflux 

of Rhodamine-123 out of the cell. This again could be further expanded upon by 

completing more biological replicates to increase the overall size of the experiment and 

thus decrease the standard error bars to a significant level. Or more tests could further 

prove it’s insignificance and solidify the findings of this thesis.  
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This thesis also hypothesized at DEP exposure to a co-culture of endothelial and 

microglial cells would induce increased expression of P-gp but decreased functionality 

due to microglial cytokine disruption. Not only did the co-culture not have a significant 

difference in P-gp gene expression in RT-qPCR, but there was also a decreased trend in 

P-gp expression. This could be caused by a cytokine induced mechanism that affects the 

production of efflux proteins, however, there is not data in this thesis to prove this 

postulation and thus more research would need to be conducted. However, future 

research regarding MAGPIX could evaluate the cytokines produced by microglial cells 

upon their introduction to DEP and determine if those cytokines have any effect on the 

expression of efflux proteins.  

Lastly, it was hypothesized that DEP exposure would induce a similar effect on P-

gp expression and function in both the monoculture as well as the co-culture. This 

hypothesis proved to be correct because there was no significant difference in either the 

monoculture or co-cultures P-gp function or expression.  
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APPENDIX A 

  

Cell Culture 

 

The EndoGRO complete media from EMD Millipore (Product number: 

SCME004), consisted of basal medium supplemented with EndoGRO-L`12S Supplement 

(1 ml), Fetal Bovine Serum (FBS) (5%), Hydrocortisone (1 ug/ml), Ascorbic Acid (50 

ug/ml), rhEGF (5 ng/ml), Heparin (50 ug/ml), L-glutamine (10 mM), and Penicillin-

Streptomycin (1%) from Thermofisher (product number: 15140122). The cells, which are 

stored in a vial kept in liquid nitrogen, can be thawed using the recommended Millipore 

protocol for thawing of the hCMEC/D3 cell line. The cells are then maintained in a T-75 

flask containing 10-12 mL of EndoGRO complete media while placed in a 37°C, 5% 

CO2 humidified incubator. The cells are monitored daily for confluency and imaged at 

the 5x and 10x levels in order to view overall growth and cellular anatomy respectively. 

Their media may be changed 2-3 times a week, always using sterile techniques in a hood. 

Once the cells reach 80% to 100% confluency then the cells are split using sterile 

techniques.  

The cell media is removed, they are washed with PBS (ThermoFisher 

#14190144), and are then dissociated from the flask using 2.5 mL of TrypLE™ Select 

Enzyme from ThermoFisher (Product number: 12563011) and incubating in a 37°C, 5% 

CO2 humidified incubator for 4 minutes, the cells are then lightly wacked and viewed 

under the microscope to ensure dissociation from the flask surface. After this, the TrypLE 

is neutralized by the addition of 7.5 mL of Dulbecco′s Modified Eagle′s Medium 

(DMEM) purchased from Sigma-Aldrich (Product #: D6429-1L) and placed into a 15 mL 
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centrifuge tube. The cells are counted, to do this, about 11 uL of suspended cells are 

added to 11 uL of Thiazolyl Blue Tetrazolium Blue (Product #: M5655-1G), a color 

indicator of cell viability, and are loaded into a dual slide specific to the ThermoFisher 

Countess II Automated Cell Counter (hemocytometer) where the cell count and viability 

are measured. The 15 mL centrifuge tube is then centrifuged at 300 x g for 5 minutes to 

pellet the cells. The supernatant is discarded, and the cells are resuspended in EndoGRO 

complete media at 1 million cells per mL media concentration. The cells are then 

subcultures and are either frozen back for storage using 10% DMSO and slow-freeze (1 

degree per min) containers, or they are added to new flasks/ plates to form the next 

passage. 

The immortalized human microglial cells, HMC3s, were purchased from ATCC 

(Product #: CRL-3304) and were maintained in an HMC3 media consisting of 450 mL 

Eagle’s Minimum Essential Media (EMEM) (ATCC #30-2003), Fetal Bovine Serum 

(FBS, 10%) from Fisher Scientific (#MT35011CV), and Penicillin-Streptomycin (1%). 

The cells that are received are either stored in liquid nitrogen or are placed in a T-75 flask 

for their cell line continuation in accordance with the company’s recommended 

procedure. The flasks are kept in a 37°C, 5% CO2 humidified incubator and are imaged 

daily, their media can be changed 2-3 times a week in hoods using a sterile technique. 

Once the cells reach a maximum of 3 million cells they will need to be sub-cultured. In a 

hood, while using sterile technique, the cell’s media is removed and the cell’s surface is 

rinsed with PBS, 2-3 mL of TripLE is added to the flask and it is incubated for 5 - 15 

minutes. After the incubation period it is important to NOT wack the flask as it will cause 

clumping of the cells. Instead, add 6-8 mL of complete HMC3 medium and aspirate by 
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gently pipetting. The new cultures should be in accordance with guidelines, ensuring a 

concentration between 1*104 and 4*104 viable cells/cm2, but not exceeding 7*104 

cells/cm2. Cells may also be frozen back using the same method as the D3 cells listed 

above.  

The DEP suspension was produced as a 2 mg/ml (2000 ug/ml) stock solution 

concentration. Briefly, 0.02 g of SRM2975 (NIST standard DEP) was added to 10 mL of 

PBS++ or water (or dosing media, no FBS). This suspension is vortexed for 1 minute, 

then sonicated for 45 minutes utilizing an ultrasonicator, before it is warmed for 15 

minutes in the 37℃-water bath. Before this media can be used on cells was sequentially 

filtered using various filter sizes down to 0.45 µm filter, to obtain fine DEP. This media 

is then ready for use and can be used immediately or kept in the 4℃ for up to 2 weeks.  
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APPENDIX B  

 

MTT 

 

The purple color is measured using a spectrophotometer at 595 nm, with 650 nm 

as a reference wavelength, and the absorbance is proportional to the number of viable 

cells. We plotted absorbance against concentration to determine the IC50 and IC10 of 

DEP, using both D3 (endothelial cells) and the HMC3 (microglial cells). The cells grown 

in a 96-well plate are exposed to increasing concentration of DEP suspension (0 , 5000, 

15000, 18000, 20,000 ug/ml) for 22-24 hours. After the 22-24 hour incubation period, 5 

mg/ml MTT dye is added directly to the cell culture media and the cells are incubated for 

2-4 additional hours. At the end of the incubation, all solutions in the wells are removed 

and the remaining cells are lysed using DMSO: Ethanol (1:1) solution, which solubilizes 

the formazan product. The plate is then incubated at room temperature while on a plate 

shaker (at approximately 200 rpm) for 10 minutes. Last, the plate’s absorbance is then 

measured at the 595-650 nm wavelength.  
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APPENDIX C  

 

Immunocytochemistry 

 

Before the process of immunocytochemistry can begin, the cells must be grown 

on glass slides. These glass slides however are not optimal for cell growth without the use 

of coatings to allow cells to attach and form a cellular matrix. Microglial cells, HMC3’s 

alone, require Poly-D-Lysine coated slides; 5 mg of Poly-D-Lysine purchased from 

Sigma-Aldrich (P7280) is combined with 50 mL of nanopure water and stored in a 

polypropylene vial at 4°C. Dilute 1 mL of this stock solution into 9 mL of nanopure 

water, spread the appropriate amount of solution (in this case 500 uL) in each slide 

chamber, and allow it to cover the entire surface of the culture piece. From this point, the 

slides can be incubated at room temperature for 3 hours, at 37℃ for 1 hour, or 4℃ 

overnight or up to one week. However, as soon as the slides are to be used it is important 

to remove excess solution and wash the slide with sterile PBS or DMEM/F-12 + HEPES 

before seeding cells onto the slides.  

Endothelial cells, D3’s, also require the glass slide to be coated with bovine 

collagen solution (1:20 dilution in PBS-free) (Millipore #: C4243-20ml) and incubator at 

37 dC for at least one hour. Before their use, the collagen solution is removed from the 

chambers and each chamber is rinsed with PBS-free before the addition of D3 seeded at 

5,000 to 10,000 cells per cm2. The cells are then maintained in the 37°C, 5% CO2 

humidified incubator. Briefly, 24 hours after cells were seeded on glass slides, we 

exposed the cells to DEP (2000 ug/ml) or control media for 24 hours, and then fixed the 

cells using 4% paraformaldehyde. When conducting ICC with the D3 and HMC3 co-
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culture we coated the slides in accordance with D3 requirements and added the D3s, 

allowed them to attach overnight, and then added the HMC3 cells (1:1) and allowed them 

to attach for another 24 hours. Once the co-culture was developed, we exposed the cells 

to DEP or control media for 24 hours before fixation.  

Briefly, we followed ATCC’s standard protocol for ICC: First, we fixed the cells 

using 4% PFA for 15 min at room temperature, rinsed cells 3 times in 0.02M PBS-free, 

used 10% BSA blocking for 45 min to block cells, and then added the primary antibody 

against P-gp (Rabit monoclonal anti-Pgp; ABCAM, Ab235954) at a 1:100 dilution and 

incubated overnight in 4 dC protected from light. The next day, the primary antibody 

solution was removed, and cells were rinsed 3 times with 0.2M PBS-free. The secondary 

antibody (Goat anti-Rabbit AF488, ABCAM, Ab150081) was then added at 1:1000 

dilution and incubated at room temperature for 1.5 hours. Finally, cells were 

counterstained with DAPI (nuclear stain) for 5 minutes and then the coverslip was 

mounted using Diamond Prolong Antifade Mounting Media (Invitrogen P36961). 
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APPENDIX D 

 

Rhodamine-123 Accumulation Assay 

 

 The endothelial cells were seeded at 10,000 cells per cm2 in dark, clear-bottom 

96-well plates (Thermo Scientific #: 165305) and maintained in a 37°C, 5% CO2 

humidified incubator. The next day, the cells were dosed with either control media or 

DEP suspension (2000 ug/mL in 1% DMSO). A1% DMSO solvent control and a positive 

control for P-gp inhibition, Tariquidar (100 uM) (Fisher Scientific#: NC0783015), were 

included in each plate as well. The cells were incubated in 37°C, 5% CO2 humidified 

incubator for another 24-hours. After dosing overnight, we remove 50 uL and store this 

for MAGPIX analysis, to the remaining 50 uL of solution in each well of the 96 well 

plate, we add 100 uL of Rhodamine-123 (Sigma-Aldrich #: 83702), and since Rho-123 is 

a light-sensitive fluorescent we wrap the plates in aluminum foil to avoid light exposure. 

The cells are then incubated in a 4℃ refrigerator for 1 hour. Afterwards, the plate was 

incubated at 37°C, 5% CO2 humidified incubator for an additional hour. Last,  the 

solutions in the wells were removed and the cells were rinsed twice with PBS-free to 

remove any excess Rho-123. The cells are then lysed by the addition of a 1:1 solution of 

DMSO:Ethanol, and fluorescence is measured using a spectrophotometer at 505/534 nm. 

In the case of the co-culture, endothelial cells are incubated for 24 hours, then the 

microglial cells are added, and both are allowed to incubate in a 37°C, 5% CO2 

humidified incubator for 24 hours before dosing. Then the rest of the assay procedure is 

the same.  
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APPENDIX E 

 

RNA Extraction, cDNA conversion, and RT-qPCR 

 

To obtain quantitative data, we decided to conduct RT-qPCR on both the 

monoculture and co-culture when exposed to control media versus DEP dosed media. 

RT-qPCR allows you to evaluate the relative genetic expression of a target gene(s), 

relative to housekeeping (endogenously expressed) control gene(s). In order to obtain the 

genetic material used for RT-qPCR, we first had to extract RNA from the cell, and 

convert the RNA to complementary DNA (cDNA), the cDNA was then used as our 

starting template for RT-qPCR. 

Briefly, we used the PureLink RNA Mini Kit (ThermoFisher 12183018A) for 

RNA extraction and purification from mammalian cells. Once the T-75 flask of D3 only 

or D3 with HMC3 cells was at least 70% confluent, we performed RNA extraction. 

During the initial phase of the process, the cell media is removed, and the cells are 

washed with PBS, the PBS is then removed, and the cells are lysed using a prepared 

lysing buffer containing 1mL lysis buffer (provided in the kit) in 10 mL of 1% 2-

mercaptoethanol (ThermoFisher 21985023). Then 0.6 mL of the prepared lysis buffer is 

added to the T-75 flask with cells and the buffer is pipetted until the cells seem lysed 

(will appear clear but viscous). The lysed cells and solution are then transferred into a 

Homogenizer inserted in a microcentrifuge Collection Tube and are placed into a 

centrifuge and run at 12,000 x g for 2 minutes at room temperature. After this, keep the 

remaining solution in the collection tube but discard the homogenizer insert. The same 

volume of 70% Ethanol (0.6 mL) is added to the remaining cell solution in a 1:1 ratio, 
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however, if any of the sample’s volume was lost during the homogenization step it is 

important to adjust the volume of 70% ethanol added. Vortex the sample with the 70% 

ethanol to homogenize then transfer 700 uL of the sample to a new spin cartridge inside 

of a collection tube. Centrifuge the sample at 12,000 x g for 15 seconds at room 

temperature (RT) and discard any flow through in the collection tube. Repeat the process 

of adding the sample + ethanol mixture to the same spin cartridge and collection tube and 

run the remaining mixture in the centrifuge for 15 seconds at 12,000 x g at RT. Next, we 

utilized the On-column PureLink DNase Treatment to ensure there was no genomic DNA 

in the sample. In order to complete this, 350 uL of Wash Buffer I (from the kit) is added 

to the spin cartridge containing the bound RNA and it is again centrifuged for 15 seconds 

at 12,000 x g at RT. However, once the sample is complete, we discard the flowthrough 

and collection tube. The spin cartridge gets inserted into a new collection tube and 80 mL 

of PureLink DNase mixture is added directly onto the surface of the spin cartridge 

membrane where it incubates for 15 minutes at RT. The PureLink DNase mixture is 

composed of 8 uL of 10X DNase I Reaction Buffer (in the kit), 10 uL of Resuspended 

DNase (~3U/uL) (aliquoted and stored in -20℃) (in the kit), and 62 uL of RNase Free 

Water (in the kit) for a final volume of 80 uL (per cell sample). After the 15-minute 

incubation, 350 uL of Wash buffer I is added to the spin cartridge, and the sample is 

centrifuged at 12,000 x g for 15 seconds at RT, the flowthrough and collection tube are 

discarded after, and the spin cartridge is inserted into a new collection tube. 500 uL of 

Wash Buffer II (in the kit, but reconstituted in ethanol) is added to the spin cartridge and 

is centrifuged at 12,000 x g for 15 seconds at RT. The flowthrough is discarded but the 

collection tube is kept and 500 uL of Wash Buffer II is again added and centrifuged out. 
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After the flowthrough is discarded reinsert the spin cartridge into the collection tube and 

centrifuge the empty spin cartridge at 12,000 x g for 1 minute at RT in order to dry the 

RNA bound membrane. After the drying cycle, remove the flowthrough and collection 

tube and insert the spin cartridge into a recovery tube. Add 30-100 uL (we used 55 uL) 

RNase-free water to the center of the spin cartridge and incubate for 1 minute before 

centrifuging at >12,000 x g for 1 minute at RT to elute the RNA from the membrane and 

into the recovery tube. The purified RNA is then aliquoted as 15 uL samples in three 0.2 

mL RNase-Free microtubes plus an aliquot of ~5 uL for each sample to be measured for 

RNA yield and quality, be sure to bring an additional aliquot of the RNase-Free water 

from earlier to calibrate the Nanodrop spectrophotometer that the RNA samples are tested 

on. The extracted RNA can be stored at -80℃ until future use or it can be converted to 

cDNA immediately.  

After the acquisition of purified RNA, the RNA was reverse transcribed into 

cDNA using the SuperScript™ IV VILO™ Master Mix with ezDNase™ Enzyme kit 

(Fisher 11766050) and following manufacturer’s protocols. We utilized the reverse 

transcription protocol provided by Fisher for their SuperScript™ IV VILO™ Master Mix 

with ezDNase™ Enzyme kit. Before beginning the process of cDNA conversion, it is 

important to prepare heating devices and cooling techniques, this includes setting a water 

bath to 50℃, heating the heating block to 85℃, and preparing an ice container to place 

tubes containing RNA or cDNA. After this initial set up the purified RNA samples are 

removed from the -80℃ freezer and placed onto ice where we will prepare the gDNA 

digestion reaction mix. For each RNA sample to be transcribed, prepare one reverse 

transcriptase (RT) reaction tube and optionally one no reverse transcriptase (NoRT) 
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reaction tube, this is to ensure that the RNA sample that does not receive reverse 

transcriptase is not being transcribed into cDNA. In the RT reaction tube, a RNase-Free 

0.2 microtube, that is sitting on ice, prepare 10 uL gDNA digestion reaction mix with the 

following components: 1 uL 10X ezDNase Buffer + 1 uL ezDNase Enzyme + Volume of 

RNA needed (e.g., 2 uL for our samples) + [10 - (1+1+2)] uL of Nuclease-free water (for 

a total of 10 uL solution). The volume of RNA needed can be calculated using this 

equation: Vol. of RNA needed = 1000 ng/ estimated RNA concentration (Nanodrop 

measured), this way, all RNA samples will be standardized to 1 ug. After the creation of 

the gDNA digestion reaction mix, mix gently but do not vortex, then move the mix from 

the ice to the incubator (37℃) for 2 minutes to allow for the digestion to occur. After the 

incubation period, the microtubes should be centrifuged to allow all liquid to return to the 

bottom of the tube and place the microtubes back onto the ice. Next, the reverse 

transcriptase (RT) reaction mix is prepared, this is done by adding either 4 uL of 

SuperScript IV VILO Master Mix and 6 uL of Nuclease-free water to the RT reaction 

tube or 4 uL of SuperScript IV VILO No RT Control and 6 uL Nuclease-free water to the 

NoRT reaction tube while they remain on ice. Next, the primers are annealed by gently 

pipetting up and down the solution inside the reaction tubes while the tubes are removed 

from the ice and are incubated at room temperature for 10 minutes. After this period, the 

tubes are transferred to the 50℃-water bath where the reverse transcriptase will be at the 

optimal temperature to reverse transcribe the RNA. Next, the tubes are placed onto the 

heat block (at 85℃) for 5 minutes to inactivate the enzymes. The cDNA conversion is 

now complete and can either be stored undiluted in the -80℃ freezer for the long term 
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(months), in the -20℃ for short-term storage (7 days), or it can be used immediately for 

qPCR amplification. 

For the PCR amplification and RT-qPCR analysis, we utilized the ThermoFisher 

protocol, optimized by Bruce Lab. Before the actual PCR amplification can occur, one 

needs to create an outline for their RT-qPCR Plate designating the cDNA samples and the 

genes of interest, this can be done on a 96 well plate or a 384 well plate. Next ice must be 

prepared for items that thaw on ice. Next, the cDNA samples must be diluted to either a 

10x or 20x concentration, preferably 20x. For the more commonly used 20x dilution, add 

20 uL (1000ng, 50 ng/uL) of cDNA stock to 380 uL of Nuclease-free water, this will 

yield a working solution of 2.5 ng/uL for the cDNA sample. Briefly vortex the tube and 

gently centrifuge the tube to return the sample to the bottom of the tube. Preparation of 

the PCR reaction matrix without cDNA requires the TaqMan™ Fast Advanced Master 

Mix (ThermoFisher 4444557), the TaqMan® Gene Expression Assays for both P-

glycoprotein (Hs00184500_m1) and succinate dehydrogenase complex flavoprotein 

subunit A (SDHA) (Hs00188166_m1), a housekeeping gene, and finally nuclease-free 

water, all kept on ice. Gently resuspend the solutions by vortexing and briefly 

centrifuging to return the solution to the bottom of the tube. Next, determine the number 

of reactions needed for each TaqMan® Gene Expression Assay, Applied Biosystem 

recommends using 4 replicates, but 2 to 3 is acceptable. For each gene of interest, the 

number of reaction wells is equal to your number of biological replicates times the 

number of technical replicates per sample times the number of experimental groups. For 

example, if you have 4 biological samples (N=4) and Taqman suggests 3 technical 

replicates per sample (n=3/ triplicates) plus you have four experimental groups (n=4), 
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then for the Taqman Gene Expression Assay, you will need 3x4x4 = 48 reaction wells. 

Based on your number of reactions wells you can now prepare the TaqMan™ Fast 

Advanced Master Mix (2x), the corresponding TaqMan® Gene Expression Assay (20x), 

and nuclease-free water for a working solution in a 1.5 mL nuclease-free microtube. For 

each reaction well we will need an end volume of 20 uL, the PCR reaction mix without 

cDNA would require 1 uL of the TaqMan® Gene Expression Assay (20x), 10 uL of the 

TaqMan™ Fast Advanced Master Mix (2x), and 4 uL of the nuclease-free water. On the 

scale of our example, we would most likely prepare enough solution not for exactly 48 

reaction wells, but for 50 reaction wells in order to account for volume loss. In that 

instance, we would require 50 uL of the TaqMan® Gene Expression Assay (20x), 500 uL 

of the TaqMan™ Fast Advanced Master Mix (2x), and 200 uL of the nuclease-free water. 

Then mix the solution and centrifuge briefly. The next step is to load the plate with the 

reaction mix, it is important to keep the plate on ice whilst completing this step. For each 

gene of interest, load the PCR reaction mix created earlier without the cDNA into each 

well (14 uL per well) designated for that specific gene of interest (follow your plate 

outline). Then the 20x diluted cDNA samples can be loaded for each technical replicate 

of that sample (biological sample). For each reaction well, transfer 5 uL (12.5 ng total) 

into each of the wells designated for that specific biological cDNA sample. Once all 

outlined reaction wells are completed, seal the plate with its appropriate cover and place 

it on ice until it is ready to run on the instrument. Finally, utilizing a QuantStudio 6 Real-

time PCR system (ThermoFisher 4485691) the outline of the place can be uploaded and 

the plate assay can be run.  
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